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ABSTRACT 
 
This thesis presents novel techniques to enhance the key processing and device 
issues related to carbon nanoelectronics. Particularly, the presented techniques involve 
transferring graphene grown on copper foil using electrostatic force and improving the 
junction resistance of carbon nanotube (CNT) networks by nanosoldering. 
Typically, transferring graphene grown on metal substrates involves wet etching 
steps in order to separate graphene from its metal growth substrates. During these wet 
etching steps, however, residues and wrinkles can be easily introduced in graphene and 
degrade its quality. By using electrostatic force instead, we attempt to transfer graphene 
grown on copper foil without involving the wet etching steps, thereby simplifying the 
transfer technique and improving the quality of transferred graphene. In addition, we 
further study the interaction between graphene and the copper substrate.  
For nanosoldering of CNT networks, we propose a novel method to locally 
deposit metals at the junctions of CNTs in order to lower the junction resistance. As these 
junctions are the most-resistive regions, we are able to locally heat the junctions by 
passing currents through the CNT network. In the presence of metal precursors in a 
vacuum environment, we attempt to deposit metals locally and selectively at these 
junctions. Our results show that the metals indeed start to form locally at the inter-tube 
junctions, which indicates that the junctions are the spots of high thermal resistance. The 
effects of nanosoldering these junctions seem to vary according to the types of metals 
deposited at the junctions, and are subjects for further study. 
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Moore’s Law: Limits and Potentials 
 
The semiconductor industry is defined by Moore’s law, which states that the 
dimensions of individual devices in an integrated circuit have decreased and the 
inexpensive computing power have increased by a factor of approximately two once 
every two years. This trend has been maintained since the 1970s, and has benefited 
everyone involved. Semiconductor companies have enjoyed a steady increase in revenue, 
which in turn created millions of jobs in related industries. The average consumer has 
been able to enjoy a technological revolution, from the Internet to better medical devices 
and improved communications. Ever since the dawn of the Industrial Revolution, 
technology has always been a driving force behind the economy, not to mention general 
improvements in human quality of life. 
However, as also noted by the International Technology Roadmap for 
Semiconductors (ITRS) 2010 update [1], further scaling down has faced serious limits as 
the critical dimensions have shrunk down to the sub-22 nm range. At such a small scale, 
the device performance can degrade greatly due to possible tunneling currents between 
source and drain regions and through the gate oxide. Various short-channel effects can 
also act to weaken the gate coupling and increase leakage current
 
[2, 3]. For critical 
dimensions in the sub-22 nm range, issues related to fabrication technology also arise. 
Current state-of-art optical lithography involves an ArF excimer laser, whose radiation 
wavelength is 193 nm with immersion and double patterning technologies, and this 
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approach is predicted to continue to be used for the next 22 nm node. However, there is 
no optical extension technology available below 22 nm [4]. 
It was noted in the ITRS 2010 update that these limits can potentially be 
overcome to some extent and facilitate further scaling down of device dimensions by 
implementing non-classical CMOS channel materials. The two major contenders for 
materials to replace silicon in solid state applications are III-V semiconductors (GaAs, 
InAs, etc.), and advanced carbon-based nanomaterials (carbon nanotubes and graphene).  
 
1.2 Advanced Carbon-Based Materials 
Carbon is a unique element as an electronic material. As a group IV element, an 
isolated carbon atom has a 1s
2
2s
2
2p
2
 configuration with four valence electrons: one in s 
orbital (2s) and three in p orbitals (2px, 2py, and 2pz) as shown in Figure 1.1 [5], placed at 
the end of the chapter. Because of its ability to form a wide variety of stable structures, 
carbon is related to rich and diverse chemistry and is able to form a variety of molecules. 
Furthermore, carbon-based electronic materials with sp
2
 hybridization of atomic orbitals 
can span the entire range of dimensionalities from 0D fullerenes, 1D carbon nanotubes 
(CNTs), 2D graphene, and 3D graphite (Figure 1.2)
 
[6]. Among these allotropes of 
carbon, graphene and CNTs are of special interest due to their exceptional electronic 
properties that arise from their atomic structure, and they can potentially replace silicon 
in future electronics. 
 
1.2.1  Graphene 
Graphene is a single sheet of carbon atoms that are sp
2
-bonded to one another in a 
honeycomb lattice. Ever since the experimental discovery of graphene in 2004 by 
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Novoselov et al. [7], graphene has attracted tremendous attention due to its exceptional 
electrical and physical properties. Because of the scientific significance and potential 
technological applications of graphene, the Nobel Prize in physics in 2010 was awarded 
to two research pioneers of graphene, Konstantin Novoselov and Andre Geim from the 
University of Manchester, UK. Although this surge of scientific activity on graphene only 
happened recently, there have been numerous key theoretical studies on graphene and its 
electrical properties in the past [8]-[10]. The distinctive electrical properties of graphene 
arise from its crystal structure and the strong π bonds which form delocalized states 
(Figure 1.3a) [11]. The band structure of graphene derived from these π bonds can be 
calculated by solving the Schrodinger equation using the tight binding approximation [8]:  
                     (1.1) 
Since graphene has a unit cell with two nonequivalent lattice sites (A and B in Figure 
1.3a), the total wave function Ѱ can be written as 
                               (1.2) 
where ui is the Bloch function constructed by linear combination of wave functions from 
2pz orbitals of isolated carbon atoms, expressed as 
        
 
  
                                 (1.3) 
By inserting Equation (1.2) into Equation (1.1) and incorporating the effects of up to 
next-nearest neighbors, the energy dispersion relation of graphene can be calculated
 
[12]: 
          
          
     
 
 
    
 
             
         (1.4) 
where t and t´ are the hopping amplitudes of nearest and next-nearest neighbors, 
respectively, a = 0.142 nm is the carbon-carbon distance, θq = arctan
-1
[qx/qy], and vF = 
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3ta/2 ≈ 1×106 m/s is the Fermi velocity of graphene. When the wavelength is long 
enough (small q) near the K point with t´ = 0, Equation (1.4) is reduced to 
                                  (1.5) 
Figure 1.3c shows the band structure of graphene near the K point, which can be 
approximated by Equation (1.5). As can be seen from the figure, the conduction and 
valence bands touch each other at the K point in the Brillouin zone with a zero gap and a 
linear dispersion relation up to ±1 eV around the Fermi level
 
[13]. As a consequence, 
graphene shows ambipolar field effect, and quasiparticles in graphene are characterized 
as massless Dirac fermions with Fermi velocity vF ≈ 1 × 10
6
 m/s with very high carrier 
mobility
 
[14]. Due to graphene’s crystal structure, Graphene also has high thermal 
conductivity [15] and Young’s modulus [16], making it very attractive for many 
technological purposes. 
 
1.2.2 Carbon Nanotubes (CNTs) 
CNTs are rolled cylinders of graphene with typical diameters in the range of 1 to 
3 nm, and are usually characterized by a chiral vector:              which connects 
two crystallographically equivalent sites on a graphene sheet, where n and m are integers 
and    and    are the unit vectors of the hexagonal honeycomb lattice (Figure 1.4) [11]. 
Therefore, the structure of any CNT can be described by an index with a pair of integers 
(n, m) that define its chiral vector. 
Since its structure is also based on sp
2
 hybridization of atomic orbitals of carbon 
atoms, CNTs have the distinctive properties of graphene; due to the strong covalent 
carbon-carbon bonding, CNTs are chemically inert and have a high Young’s modulus 
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and high tensile strength [17]. Because its structure can be formed by rolling graphene, 
the band structure of CNTs can also be constructed from that of graphene with 
appropriate boundary conditions around the CNT circumference. However, its band 
structure can be quite different from that of graphene because CNTs can be either 
metallic or semiconducting with varying bandgaps depending on the chiral angle θ and 
the diameter d, which are given in terms of the index (n, m)
 
[6]: 
       
            
 
           (1.6) 
            
   
    
            (1.7) 
From simple calculations, it can be shown that an (n,m) CNT is metallic when n = m or n 
– m = 3i, where i is an integer, and is semiconducting when n – m ≠ 3i [11]. This is due to 
the fact that only a few wave vectors are allowed to exist for the one-dimensional CNTs 
that satisfy the periodic boundary conditions around the circumference of CNTs. Metallic 
conduction occurs when one of these wave vectors passes through the K point of 
graphene’s 2D hexagonal Brillouin zone, where the valence and conduction bands touch. 
A bandgap opens up when there is a misalignment between allowed wave vectors and the 
K point (Figure 1.5) [11]. For semiconducting CNTs, there is a diameter dependency on 
bandgap Eg. According to a single-particle tight-binding approximation of the electronic 
structure, 
            
 
  
                      (1.8) 
where ħ is Planck’s constant, vF is the Fermi velocity, and d is the CNT diameter
 
[11].  
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Because its bandgap can be tuned by the chirality and diameter, CNTs can be a 
promising candidate for future nano-scale devices. Moreover, in the perfect and hollow 
quasi-1D structure of CNTs, the boundary scattering is suppressed, while only forward 
scattering and back scattering are allowed. Therefore, the elastic scattering mean free 
paths in CNTs are long and quasi ballistic transport can be observed at relatively long 
lengths and low fields
 
[18, 19]. 
 
1.3 Challenges and Research Motivation 
Although graphene and CNTs have superior electrical, mechanical, and thermal 
properties, there exist a number of issues in integrating them into practical applications. 
While the growth of graphene on metal substrates, in particular single-layer graphene on 
copper
 
[20], suggests technological applications based on transferring the graphene onto 
different substrates, one critical challenge is the controlled transfer of large-area graphene 
with high quality. Recent progress using a polymethyl-methacrylate (PMMA) based 
process looks promising
 
[21], but transferring graphene by etching away the metal growth 
substrate and involving the PMMA layer can easily incorporate residues from the wet 
etching steps and introduce wrinkles in the graphene, affecting graphene quality [22].  
Issues related to practical realization of high-performance applications exploiting 
CNTs involve controlling the chirality and length of CNTs, achieving ohmic contacts, 
and positioning CNTs on a substrate with desired parameters, such as location, 
orientation, geometry, and density. There have been numerous attempts to align CNTs by 
various methods, including dielotrophoresis
 
[23], surface functionalization
 
[24], and 
aligned chemical vapor deposition growth using electric field
 
[25] and crystal planes
 
[26, 
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27]. However, these methods involve additional fabrication steps that are usually 
complicated and degrade the quality of CNTs
 
[28]. On the other hand, random networks 
of unaligned CNTs are useful in integrated circuits and display drivers, particularly in 
applications that make use of thin film transistor applications
 
[29]. However, in such 
CNT network transistors, the performance is usually limited by high electrical and 
thermal resistances at the inter-tube junctions [30]-[34] where the device becomes 
susceptible to breakdown of CNTs because the temperature increase is especially large at 
the inter-tube junctions. In the following chapters, two research projects that attempt to 
solve some of the issues mentioned above will be discussed. 
 
1.4 Thesis Structure 
 Chapter 2 will detail the experimental technique for electrostatic transfer of 
graphene grown on copper foils along with the background information related to such a 
transfer technique. Optical microscope and scanning electron microscope images of 
transferred graphene will be presented, and Raman spectroscopy and atomic force 
microscopy studies will be presented to characterize and analyze transferred graphene. 
 Chapter 3 will detail the experimental technique for nanosoldering the CNT 
junctions along with the background information on related fields. Scanning electron 
microscopy and atomic force microscopy images, and energy dispersive X-ray 
spectroscopy and X-ray photoelectron spectroscopy data will be presented with current-
voltage characteristics for the carbon nanotube devices for characterization and analysis.  
 Chapter 4 will summarize and discuss the results of electrostatic transfer of 
graphene on copper foils and nanosoldering of CNT junctions. It will also detail future 
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directions of the work as a whole, particularly what needs to be further improved. In 
addition, some of the strengths and shortcomings of the research presented here will be 
assessed. 
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1.5 Figures 
 
Figure 1.1. Molecular architecture of carbon with s and p orbitals in the two lowest 
energy levels
 
[5]. 
 
 
Figure 1.2. Chemical structures of sp
2
 carbon allotropes: 0D fullerene, 1D carbon 
nanotube, 2D graphene, and 3D graphite
 
[6]. 
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Figure 1.3. (a) Real space representation of a graphene lattice with a unit cell of 
two carbon atoms A and B.    and    are the unit vectors of the hexagonal 
honeycomb lattice. One carbon atom at the right-bottom corner has the three σ 
bonds and one π bond drawn in. (b) Reciprocal space representation of a graphene 
lattice with two unit vectors    and   . (c) Electronic dispersion of graphene 
lattice which shows the six K points at the intersections of the conduction and 
valence bands in the first Brillouin zone of monolayer graphene
 
[11]. 
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Figure 1.4. (a) Representation of a chiral vector:             , which defines a 
CNT.    and    are the unit vectors of the hexagonal honeycomb lattice
 
[11]. (b) 
Schematic representation of a piece of graphene folded into a single-walled carbon 
nanotube. 
 
 
Figure 1.5. (a) A first Brillouin zone of graphene with conic energy dispersions at six K 
points. The dashed lines represent allowed wave vector states around the CNT 
circumference. (b) A zoom-in and cross section of energy bands of a metallic (left) and a 
semiconducting (right) carbon nanotubes
 
[11]. 
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CHAPTER 2 
ELECTROSTATIC TRANSFER OF 
GRAPHENE GROWN ON COPPER FOIL 
 
 2.1 Background on Graphene Transfer 
Mechanical cleavage of graphene layers from highly oriented pyrolytic graphite 
(HOPG) has been widely used to transfer high-quality graphene and has enabled many 
researchers to study fundamental electrical, mechanical, and thermal properties of 
graphene
 
[11]. However, some challenges related to such a technique are producing 
large-area graphene and consistent control of the transfer location to fabricate nanoscale 
features and achieve the desired properties to make it commercially viable for graphene-
based electronics. 
As mentioned earlier, graphene grown on metal substrates, in particular single-
layer graphene on copper, has generated much interest due to its low cost and its potential 
to produce large-area monolayer graphene
 
[20]. A recent study indicates that a certain 
crystallographic orientation of copper produces pristine monolayer graphene with few 
defects
 
[35], suggesting technological applications based on transferring the graphene 
grown on copper onto different substrates. 
However, in order to transfer graphene grown on metal substrates, one needs to 
etch away the metal substrates to separate graphene from its growth substrates and 
controllably transfer it onto the desired target substrates. Recent progress using a 
polymethyl-methacrylate (PMMA) based process looks promising
 
[21], but transferring 
graphene by etching away the metal growth substrate with a PMMA layer can easily 
incorporate residues from the wet etching steps and introduce wrinkles in the graphene, 
which affect graphene quality
 
[22]. 
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In previous studies [36, 37], loosely bound mono- to multi-layer graphene were 
transferred from cleaved HOPG onto SiO2/Si substrates using electrostatic attractive 
force. Such a transfer technique avoids the wet etching steps that can incorporate residues 
and introduce wrinkles in the graphene during the transfer. In this chapter, we further 
carry out this idea by transferring graphene grown on copper foils by chemical vapor 
deposition (CVD) onto different substrates using electrostatic force. While the interaction 
between graphene and its copper growth substrate is not fully understood, Li et al., 
showed that the graphene growth mechanism on copper is surface adsorption
 
[38], 
suggesting that the interaction is a type of weak van der Waals force. In order to further 
understand this graphene-copper substrate interaction and study the electrical properties 
of graphene grown on copper, we transfer graphene by varying the electrostatic attractive 
force. 
 
2.2 Materials and Sample Preparation 
Graphene was grown on 1 mil (~25 μm) and 3 mil (~76 μm) thick copper foils 
(Basic Copper, 99.9% pure copper, flame annealed to dead soft temper) by CVD with 
back-filled H2 with a flow rate of 12 sccm. At a temperature of ~965 °C, CH4(g) was 
introduced in the furnace with a flow rate of 60 sccm for 20 minutes, then the furnace 
was cooled down to room temperature. Prior to the transfer, the receiver substrate was cut 
into 1 cm
2
 pieces and cleansed with acetone, isopropanol alcohol, and deionized water, 
and dried with N2 gas. Graphene grown on copper foil was cut into 5 mm × 5 mm pieces. 
Both the receiver substrate and the graphene-copper sample were mounted on separate 
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metal electrodes using conductive carbon tape as shown in Figure 2.1 (here, receiver 
substrate is SiO2/Si). 
 
2.3 Methodology for Electrostatic Transfer of Graphene on Copper 
The receiver substrate and the graphene sample on two metal electrodes were 
brought into direct contact in atmosphere, then voltage was applied between the two 
metal electrodes to create the electrostatic force necessary to transfer graphene (See 
Figure 2.1). In order to estimate the electric field needed to exfoliate graphene, a parallel 
plate capacitive system is assumed with following equation [39]: 
       
 
 
     
       (2.1) 
where P is the pressure or the mechanical stress needed to exfoliate graphene from its 
substrate,    is the free space permittivity,    is the relative dielectric constant for the  
medium between graphene and the target substrate, and E is the electric field (see 
Appendix for detailed derivation). Rearranging Equation (2.1), the electric field needed in 
terms of the voltage and the thickness of the dielectric medium, d, is expressed as follows: 
       
 
 
  
  
    
     (2.2) 
While the minimum stress to exfoliate graphene from the bulk graphite is known to be 
~0.4 MPa [37], the interaction between graphene and copper is not well known. In order 
to study this interaction and also transfer graphene electrostatically, a varying voltage (10 
V ~ 3 kV) was applied for different SiO2 films (80 nm and 300 nm thick) by ramping up 
the voltage very slowly after graphene is in contact with the target substrate. After 
voltage was applied, the two electrodes were pulled apart with a constant velocity of ~10 
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mm/min. For higher fields, oxide breakdown through local spots on SiO2 film and 
electric arcing through air were observed. In order to minimize electric arcing, similar 
transfer experiments were performed in vacuum as well with a base pressure of ~5 × 10
-8
 
Torr. 
 
2.4  Characterization of Graphene Transferred Electrostatically onto SiO2 Film 
We used both scanning electron microscopy (SEM) and optical microscopy to 
locate and image transferred graphene on receiver substrates, and atomic force 
microscopy (AFM) and Raman spectroscopy to verify the presence of graphene and 
evaluate its quality. Figures 2.2a and 2.2b show SEM and optical microscope images of 
graphene pieces transferred in atmosphere. The receiver substrate was 300 nm thick SiO2 
film on Si and the applied voltage was 1 kV. With such a high voltage, breakdown 
current through SiO2 film and electric arcing through air were observed. However, as 
graphene coverage on copper foil was not entirely uniform and the copper substrate was 
not ultra flat, local areas where breakdown did not occur were observed to have graphene 
transferred onto the SiO2 surface. Figures 2.2c and 2.2d show SEM and optical 
microscope images of graphene pieces transferred in vacuum with a base pressure of ~5 × 
10
-8
 Torr onto 300 nm thick SiO2 film on Si with an applied voltage of 100 V. This 
voltage corresponds to a field of 3.3 MV/cm, which is lower than the typical breakdown 
limit of thermally grown SiO2 (~10 MV/cm). Indeed, there was no current through the 
SiO2 film, yet the field magnitude of 3.3 MV/cm was enough to detach graphene from its 
copper growth substrate and transfer it onto a SiO2/Si substrate. In Figures 2.3a and 2.3b 
are Raman spectra from the transferred graphene onto the SiO2/Si substrates given in 
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Figures 2.2a and 2.2c, respectively. Both Raman spectra exhibit the characteristic 
graphene signatures of D (~1360 cm
-1
), G (~1595 cm
-1
), and 2D (~2690 cm
-1
) peaks. The 
excitation wavelength was 532 nm. We note that, based on the ratios of relative 2D to G 
peak intensities, both mono- and multi-layer graphene were transferred. We also note that 
the D peak is high relative to other peaks, indicating the presence of defects or disorders 
in graphene. Figure 2.4a (left) shows an SEM image of another graphene piece that was 
transferred onto 80 nm thick SiO2, and (right) shows an AFM image corresponding to the 
region in the red dotted box in the SEM image. Figure 2.4b shows the height profile 
along the blue line in the AFM image in Figure 2.4a. The line analysis shows that the 
layer height is ~0.521 ± 0.026 nm, which corresponds to the thickness of monolayer 
graphene. 
 
2.5  Discussion and Outlook 
 From the series of experiments we have performed with different voltages and 
SiO2 film thicknesses, we have observed empirically that graphene pieces were detached 
from the copper growth substrate and transferred onto SiO2 film when the electric field 
was ~3.33 MV/cm or higher. When no voltage was applied during the transfer, no 
noticeable graphene pieces were transferred. This is in contrast with the similar control 
experiments we performed with HOPG. When no voltage was applied during the contact 
between HOPG and SiO2/Si sample, we still observed many few-layer graphene flakes 
that were transferred as shown in Figure 2.5. This can be explained by the relatively weak 
interaction between graphene layers in HOPG compared to the strong van der Waals 
force between graphene and SiO2 surface
 
[40, 41]. A recent study created a pressure 
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difference across graphene membranes in SiO2 microcavities and showed that graphene 
started to delaminate from the edges of SiO2 microcavities when the pressure difference 
exceeded ~0.5 MPa
 
[41]. Based on the electric field value needed to transfer graphene 
from copper and using Equation (2.1), along with the interaction between graphene and 
SiO2 due to the van der Waals force, our rough calculation shows that the interaction 
between graphene and the copper substrate is much stronger: 
                                 
 
 
     
                 (2.3) 
which is roughly five times stronger than the interaction between graphene layers in 
HOPG. 
We note that the transferred graphene pieces are not as continuous as they are on 
the growth substrate as shown in Figures 2.2 and 2.4. The transfer yield is also low with 
most of the graphene layer still present on the copper substrate after the electrostatic 
transfer. We attribute for this discontinuous transfer and low yield to the intrinsic steps 
and wrinkles on the copper substrate. This prevents fully conformal contact between 
graphene and SiO2 during the transfer, and causes a non-uniform electric field across the 
contact area. In order to improve this contact conformality between graphene and SiO2, 
the setup was modified with a spring behind the metal electrode where the graphene-
copper sample is mounted, and a hot plate is used to heat the samples in order to improve 
the ductility of the metal electrode and the copper substrate [42] to make graphene 
conform better to the SiO2 (see Figure 2.6).  
Figure 2.7a shows an SEM image of graphene grown on copper before 
electrostatic transfer and Figures 2.7b-g show SEM images of the SiO2 surface after the 
transfer with the new setup. The scale bars are 10 µm, unless otherwise stated. Note that 
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we have intentionally used partially nucleated graphene with “flower”-like shapes on 
copper instead of copper fully covered with graphene to better analyze the contact 
conformality and transfer uniformity. The applied bias was 50 V onto 80 nm thick SiO2 
film, and the samples were heated to 200 °C in air. We have performed AFM and Raman 
spectroscopy on the flower-like shapes afterwards, but we did not observe any evidence 
of graphene. We speculate that these flower-like shapes on SiO2 are actually the local 
spots where breakdown of the SiO2 film occurred. The breakdown current through the 
SiO2 film was monitored throughout the experiment, but the current may have been lower 
than the detection limit (10 µA) of the multimeter (79 Series II Multimeter, Fluke) that 
was used to monitor the breakdown current. We note that the applied electric field (~6.25 
MV/cm) was lower than the typical critical field for thermally grown dry SiO2 film (~10 
MV/cm). However, we have added a spring to our setup which was used to push the 
graphene-copper sample down onto the SiO2 film. While this may have improved the 
contact conformality, it may have caused high mechanical stress at local spots on the 
SiO2 film that can greatly strain the oxide bonds and contribute to the bond failure and, 
thus, reduce the breakdown voltage of SiO2 film
 
[43]. Regardless, the SEM images from 
Figures 2.7b-g look promising, because it is evident that contact conformality is much 
improved with the new setup shown by the flower-like marks on the SiO2 film. 
From our Raman spectroscopy data presented earlier (Figure 2.3), we also note 
that the D peak was relatively large, indicating the presence of defects or disorders in 
transferred graphene. However, we find this D peak present in the graphene after growth 
on the copper foil and before transfer. So we do not necessarily introduce defects during 
the transfer. We also note from the relative ratios of 2D to G peak intensities, we have 
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transferred both mono- and multi-layer graphene pieces. We are not sure if the multi-
layer graphene or defective graphene is more easily transferrable from the copper 
substrate; this is a subject for further study. 
Our future work will include further improving the transfer yield, possibly by 
using a back-up PMMA layer underneath the copper substrate and heating the samples to 
glass transition temperature of PMMA to improve contact conformality
 
[44], while 
monitoring the mechanical stress applied by the spring to avoid oxide breakdown. The 
future work will also include a more systematic study of graphene and copper interaction 
with better controlled layer thickness on the copper substrate, possibly by utilizing the 
crystallographic orientation of copper. 
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2.6 Figures 
 
 
 
 
Figure 2.1. Process schematic for electrostatic transfer of graphene from copper 
growth substrate. 
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Figure 2.2. (a) SEM and (b) optical microscope images of graphene transferred onto 300 
nm thick SiO2 film on Si. The applied voltage was 1 kV. (c) SEM and (d) optical 
microscope images of graphene transferred with applied voltage of 100 V in vacuum with 
a base pressure of ~5 × 10
-8
 Torr. 
 
Figures 2.3. (a) Raman spectra from the graphene shown in Figure 2.2a. (b) 
Raman spectra from the graphene shown in Figure 2.2c. 
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Figure 2.4. (a) SEM image (left) of graphene pieces transferred onto 80 nm thick 
SiO2 film and an AFM image corresponding to the red dotted box in the SEM 
image. (b) Line analysis along the blue line in the AFM image in (a) shows layer 
height of 0.521 ± 0.026 nm corresponding to a monolayer graphene. 
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Figure 2.5. (a) SEM images of multi-layer graphene pieces transferred from 
HOPG onto 300 nm thick SiO2 film without any voltage applied during the contact. 
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Figure 2.6. Experimental apparatus for electrostatic transfer of graphene using a 
syringe pump. The stage translates vertically to bring the graphene-copper and 
SiO2 sample into contact and to pull away. The speed can be adjusted by using the 
flow rate of the syringe pump. A spring is added to make the contact more 
conformal and a hot plate is used to heat the samples during the contact. 
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Figure 2.7. (a) SEM image of graphene grown on copper. Partially nucleated graphene 
with flower-like shapes was intentionally used to help locate which graphene pieces were 
transferred and to evaluate the contact conformality. (b)-(g) SEM images of SiO2 film 
after an attempt to transfer graphene from the sample shown in (a). The image contrast of 
distinct flower-like shapes shows the improved contact conformality. Scale bars are 10 
µm unless otherwise stated. 
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CHAPTER 3 
NANOSOLDERING CARBON NANOTUBE JUNCTIONS 
 
 3.1 Background on Carbon Nanotube Networks 
As mentioned in Chapter 1, despite the exceptional electrical, thermal, optical, 
and mechanical properties of carbon nanotubes (CNTs), there exist many challenges 
associated with fabrication of devices that exploit individual CNTs due to difficulties in 
controlling their length, orientation, position, diameter, and chirality. On the other hand, a 
more realistic technology may involve systems that are composed of large numbers of 
CNTs in the form of a random network monolayer or sub-monolayer films. These 
random network CNT films are advantageous because they offer attractive statistics 
because the device-to-device variations are averaged out with large active areas. These 
films also provide high current outputs because a large number of tubes are involved in 
the transport, and they usually do not require precise spatial positioning of individual 
tubes
 
[45]-[47]. These advantages give rise to potential applications ranging from 
enhanced complementary metal-oxide semiconductors (CMOS), to high-performance 
transparent displays, to mechanically flexible circuits for emerging devices
 
[11]. 
However, as-grown CNT networks are composed of both metallic and 
semiconducting tubes, which leads to a tradeoff between on-off ratio and charge carrier 
mobility. There have been numerous attempts to separate metallic and semiconducting 
CNTs by selectively eliminating metallic CNTs through electrical breakdown
 
[48]. 
Another technique utilizes diazonium functionalization, which is preferential towards 
metallic CNTs because of the difference in the availability of electrons near the Fermi 
level between metallic and semiconducting CNTs
 
[49]. However, both methods require 
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very careful controls and tend to damage semiconducting CNTs during the process. There 
are other methods such as methane plasma etching
 
[50] and density gradient 
ultracentrifugation
 
[51], which exploit the diameter of CNTs and the associated chemical 
reactivity to separate metallic and semiconducting tubes. However, these methods are 
rather involved, and they also tend to contaminate and shorten the CNTs, degrading their 
quality. 
  
 3.2 Background on Carbon Nanotube Junctions 
While there exist several challenges to separate metallic and semiconducting 
CNTs, random networks of as-grown CNTs are easy to fabricate and are of great interest, 
especially for applications such as integrated circuits and display drivers on flexible or 
transparent substrates where their performance can exceed those of organic or amorphous 
silicon thin-film transistors
 
[52]. One of the challenges with such CNT networks is that 
the performance may be limited by high electrical resistance due to the charge carrier 
percolation paths formed by inter-tube junctions. Depending on the gap and the 
overlapping area of such junctions, the charge carriers’ hopping probability will 
dramatically change, and the junction resistance will change accordingly
 
[53, 54]. The 
scenario becomes worse when the junctions are formed between metallic and 
semiconducting CNTs because Schottky barriers further limit the current transport
 
[55]. 
Studies indicate that these junction resistances are at least an order of magnitude higher 
than those of individual CNTs
 
[56]-[58]. For similar reasons, the thermal resistances of 
CNT networks are reported to be much higher than those of individual CNTs as the heat 
28 
 
exchange is limited at the inter-tube junctions, causing increased power dissipation and 
thus degrading the overall device reliability
 
[31]-[34]. 
To this end, there have been several studies to improve the junction resistance by 
depositing metal particles at the inter-tube junctions between CNTs using electron beam 
induced deposition
 
[59] and dip-pen nanolithography with atomic force microscope
 
[60]. 
However, these methods are very slow processes, which require one to locate individual 
junctions to deposit metal nanoparticles. For a dense network of CNTs where many 
combinations of inter-tube junctions (metallic-metallic, metallic-semiconducting, and 
semiconducting-semiconducting) with varying overlap area and gap distance exist, such 
techniques may not be feasible solutions. 
In our work, we are approaching the problem in a simpler and, yet, more novel 
way. A recent study showed that the average temperature at breakdown of a CNT 
network device during operation is significantly lower than the expected breakdown 
temperature of individual CNTs, indicating that the actual temperature at the inter-tube 
junction is much greater
 
[61]. Therefore, we are utilizing this higher temperature increase 
at the inter-tube junctions to locally deposit metals via chemical vapor deposition (CVD), 
thereby nanosoldering the junctions. In theory, the most resistive junctions will heat up 
the most when current flows through the percolation paths, and metal nanoparticles will 
be deposited at these most resistive junctions first. As these junctions are soldered, their 
resistance will drop and they will cool, thus stopping the nanosoldering process. Then, 
the next-resistive junctions will undergo nanosoldering. If the conditions are carefully 
controlled, this process will be a self-limiting process and improve the current transport 
through the percolation paths in CNT networks, and reduce the heat dissipation. 
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 3.3 Materials and Sample Preparation 
 The CNT network devices used in this study were grown by our collaborator, 
David Estrada from Prof. Eric Pop’s group in the Department of Electrical and Computer 
Engineering. The devices were grown by CVD of methane gas with ferritin catalysts on 
90 nm SiO2 film on highly n-doped Si, which was used as a backgate. After annealing at 
900 ºC in an Ar environment followed by CNT growth for 15 minutes under CH4 and H2 
flows, the CNT networks were patterned by standard photolithography and O2 plasma 
etching. For electrodes, Pd was evaporated with a thin layer of Ti to improve the 
adhesion to the SiO2 film, and patterned by lift-off [61]. The individual devices were then 
wirebonded to metal leads of a chip carrier. Figures 3.1a-c are a photograph of the sample 
mounted on a chip carrier after wirebonding and SEM images of a CNT device. In order 
to bias individual CNT devices to locally heat the junctions and perform local metal 
deposition, a home-built vacuum system was used with a turbo pump backed by a 
mechanical roughing pump. Several electrical feedthroughs were assembled onto the 
system and capillary dosers were used to deliver gaseous metal precursors into the 
vacuum system. For most of our experiments, a single-molecular precursor, Hf(BH4)4, 
was used as the gaseous precursor to deposit metallic HfB2 nanoparticles. The precursor 
was prepared by our collaborator, Noel Chang in Prof. Gregory Girolami’s group in the 
Department of Chemistry. The CVD reaction of Hf(BH4)4 to deposit metallic HfB2 is 
given by following equation
 
[62]: 
Hf[BH4]4 (g)  HfB2 (s)  + B2H6 (g) + 5H2 (g)      (3.1) 
As a transition metal, HfB2 is known for its high melting point (3250 ºC). It is 
also an excellent electrical conductor whose resistivity value is ~15 µΩ·cm [62]. Due to 
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the precursor’s sensitivity to air and relatively high vapor pressure (~15 Torr at 25 ºC) 
[62], Hf[BH4]4 was kept in a sealed stainless steel container and stored in an ice bath. 
Figures 3.1d and 3.1e show our home-built vacuum system. 
 
 3.4 Methodology for Nanosoldering Carbon Nanotube Junctions 
After wirebonding to individual devices is completed and their on-off ratios are 
measured, the entire sample was loaded in the vacuum system and pumped down to high 
vacuum (P ~ 1 × 10
-7
 Torr or lower) for several hours or overnight. Prior to actual local 
CVD of metals at the junctions, the entire sample was vacuum annealed at T = 600 K for 
five minutes to desorb oxygen molecules from the CNTs and the metal electrodes. After 
the entire sample is cooled to room temperature, the individually wirebonded devices 
were additionally heated by applying various voltages between the source and drain 
electrodes, thereby flowing currents through the CNT device to desorb all the oxygen 
molecules. Once all the oxygen molecules are desorbed from the device, the background 
pressure of about 1 × 10
-6
 Torr was achieved before the precursor, Hf(BH4)4, was 
introduced in the chamber by manipulating the gate valve to the turbo pump. The 
cylinders containing the precursors were kept either in an ice bath or at room temperature 
depending on the vapor pressure of the precursor. The intermediate needle valves were 
used to control the flow rate of the precursor into the chamber to achieve the total 
pressure of about 1 × 10
-4
 Torr. Once the pressure has been stabilized in the chamber, 
various voltages were applied for a given period of time to deposit metallic HfB2 at the 
locally heated junctions, and on-off ratios were subsequently measured to monitor the 
changes in the device transport characteristics. 
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 3.5 The Effects and Characterization of Metals Deposited on Carbon Nanotubes 
 In order to verify the presence of metallic HfB2 on the CNT junctions, we used 
scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray 
photoelectron spectroscopy (XPS), and energy dispersive X-ray spectroscopy (EDS). 
Transfer characteristic curves (IDS vs. VG) of the devices along with the information 
acquired from different analysis techniques mentioned above were used to assess the 
effects of the metals deposited on CNTs. 
In air, transistors made of as-grown intrinsic CNTs usually exhibit a p-type 
behavior when a high workfunction metal, such as Pd, is used as contact material because 
oxygen molecules adsorb onto the metal surface and create a dipole moment pointing 
towards the bulk of metal causing an increase of the apparent workfunction
 
[63, 64]. 
Therefore, the presence of oxygen molecules modifies the CNT bands at the metal-CNT 
interface, and causes a Schottky barrier for electron injection at the metal-CNT interface
 
[64]-[67]. Once the device is brought into vacuum and annealed at elevated temperature, 
oxygen is desorbed away from the Pd surface or dissolved below the Pd surface. This 
inverts the direction of the dipole moment and lowers the local workfunction
 
[63], which 
causes transition of the p-type behavior to n-type in vacuum
 
[65] (see Figures 3.2a and 
3.2b). This transition of p-type to n-type behavior for our device is shown by the transfer 
characteristics (IDS vs. VG with VDS = 50 mV) in Figure 3.3a. In Figure 3.3b (IDS vs. time 
curves for VDS = 40 V with VG = 0 V and 15 V) shows the CNT heating steps where 
various voltages were applied for a given time in order to further heat the CNT junctions 
before HfB2 deposition to desorb all the oxygen molecules. As the figure shows, the 
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current for a given VDS decreases over time (only the case for VDS = 40 V is shown here), 
and subsequently measured transfer characteristics in Figure 3.3c show that the current 
levels shift up afterwards, indicating that not all of the oxygen was removed by previous 
annealing. When a higher current was deliberately used by applying gate voltage (VG = 
15 V), the current was unstable and some of the CNTs broke down, as shown by the step 
decreases in current (see navy color curves in Figures 3.3b, and c). 
Assuming most of the oxygen has been removed from the CNTs, the precursor 
Hf(BH4)4 was introduced and various voltages were applied to locally deposit HfB2 at the 
inter-tube junctions. Figure 3.3d shows IDS vs. time for VDS = 40 V with VG = 0 V with 
the precursor. Notice that with the precursor, the current increases over time and its 
maximum value reaches about twice that without the precursor (compared with the green 
curve in Figure 3.3b). Figure 3.3e shows the subsequently measured transfer 
characteristics in the presence of the precursor. After heating the CNT junctions with VDS 
= 40 V for 10 seconds, the current dramatically increased in transfer characteristics. 
When VG = 15 V was set to heat the junctions even more with higher currents through 
both metallic and semiconducting CNTs, we have observed breakdown of some CNTs, as 
can be seen in Figure 3.3d. The navy colored curve in Figure 3.3e corresponds to the 
transfer characteristic curve measured after the breakdown of CNTs. The violet curve 
corresponds to the transfer characteristic curve measured after the precursor has been 
turned off and the chamber has been pumped to high vacuum again. Figure 3.3c 
summarizes the transfer characteristics of the device before and after HfB2 deposition in 
air and in vacuum. Notice that the device has restored its p-type behavior again once it is 
exposed to air because oxygen molecules readily adsorb onto the CNT device in air. We 
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note that while the current levels are several times higher after deposition at all gate bias 
regions, it is not conclusive that HfB2 deposition at the junctions particularly improved 
the current transport because there may be possible shorts between source and drain 
electrodes due to too much HfB2 deposition. We also note that the ON current was 
increased by a factor of approximately 5 while the OFF current was increased by a factor 
of approximately 27 in air after deposition. Since we have observed breakdowns of CNTs 
during the experiment, which we speculate were mostly the junctions between 
semiconducting and metallic CNTs, this result does not clearly tell us the effects of 
nanosoldering CNT junctions with HfB2.  
Figures 3.4a-c show SEM images of the corresponding CNT device after HfB2 
deposition. As shown by the yellow arrows, the deposition of HfB2 seemed to start 
locally at the junctions. However, these islands are much larger than individual carbon 
nanotubes. We also note that HfB2 coating was observed around some of the CNTs, and 
even a film of HfB2 was observed on some CNT networks as shown by orange and green 
arrows, respectively. The red arrow shows regions where CNTs broke down due to too 
high current flow. These images indicate that the deposition temperature was too high or 
the deposition time was too long. In order to verify that deposited material is indeed HfB2, 
we have performed EDS and XPS on this device and the presence of hafnium and boron 
were verified as shown in Figures 3.4d and Figure 3.5. 
The next step was to try nanosoldering with reduced currents and also shorter 
deposition time to avoid overheating the junctions and thus preventing over-deposition of 
HfB2 or breakdown of CNTs. Figures 3.6a-f show SEM images of another device before 
and after HfB2 deposition with modified conditions. VG was applied up to 40 V in order 
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to flow currents through both metallic and semiconducting CNTs to heat the junctions, 
but VDS was only applied up to 20 V with 5 second heating cycles in order to prevent 
over-deposition. As figures show, many HfB2 nanoparticles have been deposited mostly 
at the junctions. We still observed some CNT coating and a film of HfB2 extending out of 
the CNT network in several other CNT network stripes within the same device (see 
Figures 3.6d-f). The coated CNT pathways indicate which CNT pathways between 
source and drain electrodes were the most resistive pathways (the pathways containing 
most resistive junctions). This also tells us that the current between source and drain is 
not uniformly distributed, even though CNTs are uniformly populated with random 
alignment over a large area, which necessitates even better control of nanosoldering in 
order to prevent overheating of CNTs and over-deposition of HfB2. Figure 3.6g shows 
the IDS vs. VG curves for this device before and after HfB2 deposition. Even though many 
of the junctions were soldered with metallic HfB2 nanoparticles, both the ON and OFF 
currents were lower after the experiment was completed. 
The SEM images in Figures 3.6a-f indicate that the current between source and 
drain electrodes, which are bridged by many stripes of CNT networks, is really 
nonuniformly distributed. In order to better understand the effects of nanosoldering with 
HfB2, we used a CNT device with a different geometry. Instead of many stripes of CNT 
networks bridging source and drain electrodes, we used a device with only one network 
of randomly aligned CNTs. Figures 3.7a and b show SEM images of this device before 
and after HfB2 deposition with similar conditions used above, but with an even shorter 
heating cycle of 3 seconds. Figures 3.7a and b show that we have deposited HfB2 
nanoparticles only at several junctions without over-deposition or breakdown of CNTs. 
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Figures 3.7c and d show the height and current amplitude profiles from the AFM scan 
performed in the yellow box of Figure 3.7b. The height profiles along some of the islands 
show that the heights of these HfB2 nanoparticles range from ~6 nm to ~25 nm (see 
Figures 3.7e and f). Figure 3.8 shows the IDS vs. VG curves before and after HfB2 
deposition for this device. Figure 3.8 shows that the ON current was improved by 20% 
while the OFF current remained about the same. While we have thus improved the on-off 
ratio of our device by improving the ON current without any appreciable change in the 
OFF current, the degree of improvement is lower than what we expected. Possible 
reasons for this and our future work for further improvement will be discussed in the 
following section. 
 
3.6 Discussion and Outlook 
From the series of experiments we have conducted so far with different heating 
conditions and different geometry devices, we have shown that the inter-tube junctions 
are indeed the hot spots by deliberately flowing currents and thereby locally depositing 
metallic nanoparticles at the inter-tube junction via CVD. This substantiates our earlier 
claims that the inter-tube junctions are indeed the spots with high thermal resistance. We 
have also found that in randomly aligned CNT networks, the heat dissipation is rather 
dominated by several CNT pathways even though the entire network is composed of 
many more CNTs. We speculate that these pathways are composed of the most-resistive 
junctions with least-overlap areas and largest gaps, and are formed between 
semiconducting and metallic CNTs. 
Improving the current transport by improving the electrical resistance of the inter-
tube junctions seems rather more complicated. Even though we have successfully 
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deposited HfB2 nanoparticles only at the junctions without any CNT breakdown, the 
current improvement was less than expected. Assuming the most-resistive junctions are 
between metallic and semiconducting CNTs whose junction resistance is at least an order 
of magnitude higher, we expect current transport improvement should be about the same 
order of magnitude when these junctions are soldered. We believe that the difference in 
the workfunction of our electrode metal, Pd, and deposited metallic nanoparticles, HfB2, 
plays a role here. While the workfunction of Pd is relatively high ( PD ~ 5.2 eV
 
[12, 63]), 
the workfunction of HfB2 is much lower (  HfB2 ~ 3.5 eV
 
[68]). When a lower 
workfunction metal comes in contact with a CNT, charge transfer occurs from the metal 
to the carbon nanotube and creates a Schottky barrier at the valence band edge, inducing 
n-type behavior at the contact. In the devices we studied, Pd is used for source and drain 
electrodes, with CNTs forming percolation paths between the two electrodes. While the 
contacts to Pd electrodes induce p-type behavior in air due to oxygen adsorption, the 
nanosoldering of the junctions with HfB2 will induce n-type behavior in the middle of the 
percolation paths. This mismatch of metal workfunctions will create back-to-back pnp 
junctions between source and drain electrodes, and will actually degrade the current 
transport of the device in air. Figure 3.2c shows the band diagram of such pnp junctions 
formed by Pd and HfB2 with CNTs. 
In order to confirm our hypothesis, our future work will include nanosoldering 
with different precursors to deposit high workfunction metals, such as Pd or TiB2. When 
the inter-tube junctions are connected by nanoparticles of such metals, the junctions will 
be induced to behave as p-types as well (see Figure 3.2d), and the overall device 
performance should be much improved upon nanosoldering. We are also planning to 
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conduct temperature measurements of CNTs before and after nanosoldering of the 
junctions, possibly by spatially resolved Raman spectroscopy in conjunction with 
electrical transport using the temperature response of Raman G band in CNTs
 
[69, 70]. In 
order to effectively discern the effects of nanosoldering, we will also be using crossbar 
CNTs with well-defined junctions. By positioning aligned CNTs in perpendicular 
directions, we will be able to form percolation paths with only several or even a single 
junction, from which we can characterize the deposited metal and study its effects more 
easily. From our earlier results with HfB2, the size of HfB2 particles deposited at the 
junctions varied greatly from sub 10 nm to over 100 nm even when the heating cycle was 
reduced to 5 seconds. According to Jayaraman [62], the growth rate of HfB2 ranges from 
~7 nm/min at 250 °C to ~100 nm/min at 400 °C, which correspond to ~0.12 nm/sec at 
250 °C to ~1.67 nm/sec at 400 °C. This broad range of growth rates again indicates that 
the heat dissipation of the CNT network is really nonuniform. In the future, we are 
planning to switch to either AC voltage or pulsed voltage in order to heat the CNT 
junctions and deposit metal nanoparticles more uniformly at different junctions. 
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3.7 Figures 
  
 
 
Figure 3.1. (a) A photo of CNT network device chip mounted and wirebonded to a chip 
carrier. (b) SEM image of wirebonded device. Scale bar is 200 µm. (c) SEM image of 
CNT network bridging the two electrodes of the device shown in (b). Scale bar is 10 µm. 
(d) Picture of vacuum system for CVD. (e) Inside of vacuum chamber with electrical 
connections and capillary doser configuration of two nozzles through which different 
precursors are delivered. 
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Figure 3.2. Energy band diagram at the metal-CNT interface showing (a) p-type behavior 
when high workfunction metal, Pd, comes in contact to CNT in air. Diagram on the right 
depicts hole injection through CNT when VGS < 0 is applied. (b) N-type behavior as the 
oxygen molecules are desorbed off from the metal surface and/or dissolved below the 
surface in vacuum. The lowering of apparent workfunction due to reversed dipole 
moments was assumed so that the workfunction lies above the Fermi level of CNT. 
Diagram on the right depicts electron injection through CNT when VGS > 0 is applied. (c) 
Back-to-back pnp junctions when low workfunction metal, HfB2, is used to contact two 
CNTs at the junctions with Pd electrodes. (d) Back-to-back p-type junctions when only 
Pd is used to contact CNTs, enabling hole injection when VGS < 0 without Schottky 
barrier. Note that the values ΦPd = 5.2 eV, ΦHfB2 = 3.5 eV, ΦCNT = 4.7 eV, and Eg,CNT = 
1.0 eV were assumed. 
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Figure 3.3. (a) IDS vs. VG curves of the CNT device in air (blue), in vacuum (red), and in 
vacuum after annealing (black). (b) IDS vs. time curves showing prior heating steps of the 
device before HfB2 deposition. (c) IDS vs. VG curves following the prior heating steps 
with different bias. (d) IDS vs. time curves showing the deposition steps in the presence of 
the precursor. Notice the current increase over time and CNT breakdown. (e) IDS vs. VG 
curves following each deposition step with different bias. (f) Summary of IDS vs. VG 
curves before and after HfB2 deposition in air and in vacuum. 
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Figure 3.4. (a-c) SEM images of CNT network showing HfB2 deposition. Note that more 
HfB2 was formed at the CNT junctions indicated by yellow arrows. Red arrow shows 
breakdown of CNTs. Orange arrows and green arrows show coating of some CNTs and a 
film of HfB2, respectively, representing over-deposition. (d) EDS spectrum of two 
different areas of the CNT network indicated by green dotted circles in (a) verifying 
presence of Hf and B. 
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Figure 3.5. (a) XPS spectrum obtained from the CNT device shown in Figure 3.4a after 
HfB2 deposition. (b,c) Hf 5p3/2 peak (left panel) and Boron 2p peak (right panel) in the 
XPS show the presence of Hf and B. 
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Figure 3.6. (a-f) SEM images of a CNT device with HfB2 deposited with modified 
conditions. (a-c) show smaller HfB2 islands are deposited selectively at the junctions with 
modified conditions. (d-e) show some coating of CNTs with HfB2 that correspond to the 
most-resistive pathways. (f) shows over-deposition of HfB2 even with the modified 
conditions, indicating nonuniform heat dissipation of CNT networks. The length between 
two electrodes is 10 µm. (g) IDS vs. VG curves before and after HfB2 deposition. 
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Figure 3.7. (a) SEM images of the different geometry CNT device before and (b) after 
HfB2 deposition with modified conditions. Scale bar is 5 µm. (c) Height and (d) current 
amplitude profiles from AFM imaging of the region noted by the yellow box in (c). (e) 
Line analysis of the height profile along the blue line in (c). (d) Line analysis of height 
profile along the red line in (c). 
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Figure 3.8. Linear-scale (top panel) and log-scale (bottom panel) IDS vs. VG curves of the 
CNT device shown in Figure 3.7 with modified conditions. Notice that the ION was 
increased by 20% while IOFF remained about the same. 
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Figure 3.9. SEM images of crossbar CNT devices with well-defined and a fewer number 
of inter-tube junctions for future work. Scale bars are 5 µm. 
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CHAPTER 4 
SUMMARY, CONCLUSIONS, AND FUTURE WORK 
 
 In conclusion, electrostatic transfer of as-grown CVD graphene from copper foil 
onto SiO2 film without involving any wet etching steps was conducted. The transfer of 
graphene was demonstrated using scanning electron microscopy and optical microscopy, 
and Raman spectroscopy and atomic force microscopy were used to characterize and 
analyze transferred graphene. The Raman spectrum and atomic force microscopy analysis 
indicate that both mono- and multi-layer graphene were transferred. Using a simple 
parallel-plate capacitive model and taking account of the interaction of graphene and 
SiO2, our empirical data indicate that the mechanical stress to exfoliate graphene from a 
copper substrate is about 2.04 MPa, which is about five times greater than the interaction 
between graphene layers in HOPG. 
 While the electrostatic transfer is advantageous because it is much simpler and 
cleaner compared to wet etching based transfer techniques, the yield of the transfer is 
limited by the roughness of the copper foils. The intrinsic steps and wrinkles in copper 
foils prevent fully conformal contact between the graphene on copper and the SiO2 film, 
thus limiting uniform, large-area transfer of graphene. In order to improve this contact 
conformality, our future work will include using a back-up PMMA layer below the 
copper foil while heating the samples to glass transition temperature of PMMA during 
the contact so that graphene on copper will conform better to the SiO2 surface. Using 
spring compression in the setup and a force scale, the mechanical stress applied during 
the contact will be characterized to avoid oxide breakdown as well. Our future work will 
also include more systematic study of the transferred graphene’s quality and the 
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interaction between graphene and copper with controlled layer thickness, possibly by 
utilizing the crystallographic orientation of copper. 
With improved quality and yield of the transfer, this transfer technique can 
preserve the high quality of CVD-grown graphene without incorporating any residues or 
wrinkles from the wet etching steps. The electrostatic transfer may also enable large-area 
and even wafer-scale graphene transfer with far fewer of the complicated steps that are 
required for wet etching based transfer techniques, thus making it more commercially 
viable for graphene-based electronics. 
 For the nanosoldering of CNT junctions, we have conducted local CVD of 
nanoparticles at the inter-tube junctions by flowing currents through CNT networks, 
thereby locally heating the junctions with a gaseous metal precursor. We have shown that 
the junctions are indeed the hot spots with high thermal resistance, and improved the 
current transport of the CNT network by improving the on-off ratio by up to 20%. 
 We believe that further improvement can be made by using a high workfunction 
metal, such as Pd and TiB2, rather than the low workfunction metal, HfB2, which was 
used for our experiments to nanosolder the inter-tube junctions. Since the high 
workfunction metal Pd is used as contacts for our CNT devices in order to create ohmic 
contacts with better adhesion to CNTs, depositing the same metal at the inter-tube 
junctions will have much more profound effects as opposed to forming back-to-back pnp 
junctions when a low workfunction metal is used. We are currently working with 
Professor Gregory Girolami’s group in the Department of Chemistry at the University of 
Illinois to implement the metal precursor for CVD of Pd into our system. 
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From the course of our study, we have also noticed that the current transport in a 
randomly aligned large area CNT network is really limited by several pathways with 
most-resistive junctions that cause very non-uniform heat dissipation. In our future work, 
we will therefore use either AC voltage or pulsed voltage based heating cycles in order to 
deposit small size metal nanoparticles uniformly at different junctions. We are also 
collaborating with the groups of Professors Eric Pop in the Department of Electrical and 
Computer Engineering and John Rogers in the Department of Materials Science and 
Engineering at the University of Illinois to fabricate CNT devices with well-defined and 
fewer inter-tube junctions in order to assess the effects of nanosoldering more effectively. 
With better controlled deposition of metal nanoparticles, we envision that this 
process will be self-limiting where the most-resistive junctions will be nanosoldered first. 
By using short and repeated heating cycles with appropriate device-biasing conditions, 
the next-resistive junctions will be nanosoldered next, and so on, without any CNT 
breakdown or overdeposition of metal. With workfunction match between CNTs and the 
deposited metal, we speculate that the current transport through the CNT network can be 
improved greatly. This can potentially contribute to the development of integrated 
circuits and display drivers on flexible or transparent substrates where the performance of 
CNT networks can exceed those of organic or amorphous silicon thin-film transistors, but 
where the device performance and reliability is limited due to high electrical and thermal 
resistances. 
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APPENDIX 
DERIVATION OF ELECTRIC FIELD  
FOR ELECTROSTATIC TRANSFER OF GRAPHENE 
 
 In order to estimate the necessary electric field to transfer graphene from the 
copper substrate, a parallel plate capacitive system is assumed with graphene on copper 
and the target substrates being the two parallel plate capacitors, as diagrammed in Figure 
A.1.  
 
Figure A.1. A schematic diagram of a parallel plate capacitive system. 
 
The force exerted by two plates of the parallel plate capacitor system is given by the 
following equation:  
                 (A.1) 
where A is the area of the parallel plates, q is the unit charge, and E is the electric field. 
The electric field due to one plate is: 
         
 
     
     (A.2) 
where    is the free space permittivity and    is the relative dielectric constant for the 
medium between two plates. Then, the force acting on the second plate can be found by 
inserting Equation (A.2) into Equation (A.1): 
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     (A.3) 
The mechanical stress or the pressure to detach graphene from its substrate can be 
defined as the force needed to exfoliate graphene from its growth substrate divided by the 
area of the substrate, and is given by the following equation using Equation (A.3): 
        
 
 
 
  
     
     (A.4) 
Now, it follows from the definition of capacitance that 
        
 
 
 
  
 
 
     
 
     (A.5) 
Plugging Equation (A.5) into Equation (A.4), the mechanical stress to detach graphene is 
given by 
        
  
     
 
    
       
 
     
 
   
   (A.6) 
Note that for a constant field, the electric field can also be expressed as 
        
 
 
      (A.7) 
where d is the distance between the two parallel plates. Plugging Equation (A.7) into 
Equation (A6), and rearranging the equation, the electric field needed is 
        
 
 
  
  
    
    (A.8) 
 Note that the derivation was based on the assumptions made in [39]. 
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